Abstract. Downstream success in Pharmaceutical Development requires thoughtful molecule design early in the lifetime of any potential therapeutic. Most therapeutic monoclonal antibodies are quite similar with respect to their developability properties. However, the properties of therapeutic peptides tend to be as diverse as the molecules themselves. Analysis of the primary sequence reveals sites of potential adverse posttranslational modifications including asparagine deamidation, aspartic acid isomerization, methionine, tryptophan, and cysteine oxidation and, potentially, chemical and proteolytic degradation liabilities that can impact the developability and manufacturability of a potential therapeutic peptide. Assessing these liabilities, both biophysically and functionally, early in a molecule's lifetime can drive a more effective path forward in the drug discovery process. In addition to these potential liabilities, more complex peptides that contain multiple disulfide bonds can pose particular challenges with respect to production and manufacturability. Approaches to reducing the disulfide bond complexity of these peptides are often explored with mixed success. Proteolytic degradation is a major contributor to decreased half-life and efficacy. Addressing this aspect of peptide stability early in the discovery process increases downstream success. We will address aspects of peptide sequence analysis, molecule complexity, developability analysis, and manufacturing routes that drive the decision making processes during peptide therapeutic development.
INTRODUCTION
Peptides have enormous potential for therapeutic development since small molecule therapeutics have inherent difficulties with respect to potency and off-target effects and larger biologics have high manufacturing costs, lower tissue penetration, and lower activity per unit mass. In fact, peptide-based therapeutics are one of the fastest growing classes of new therapeutic drugs and have unique pharmacokinetic properties compared to small molecule or large biologic drugs (1, 2) . Today, most, if not all, large pharmaceutical companies have peptide-based therapeutics programs and, with the advent of modern molecular biology and automated solid phase peptide chemistry, library design, and execution, these programs faciliate the generation of complex peptide libraries addressing uniqueness, potency, specificity, complexity, and developability.
While therapeutic peptides, like their larger protein counterparts, suffer from primary sequence liabilities during manufacturing, they are not without their own unique challenges as well. Although most peptides act quickly, they can be rapidly cleared. In contrast to antibody therapeutics, peptides are generally more susceptible to enzymatic and/or chemical degradation due, in large part, to their increased flexibility resulting in rapid clearance (3) . In addition, peptides generally suffer from poor biophysical properties, such as low solubility, that make them inherently challenging to work with. As a result of these properties, peptides generally suffer short half-lives, limited bioavailability, and poor oral delivery (4) (5) (6) .
Additionally, in contrast to protein therapeutics, candidate selection based on manufacturability processes may come into play early in molecule discovery. Solid phase peptide chemistry is relatively inexpensive if overall yields are high. On the other hand, recombinant expression is much more expensive as it entails the development of stable cell lines and complex manufacturing processes. Cell-free synthesis may be an attractive option, although it is not currently approved as a manufacturing process by the FDA, but that could change. In the following sections, we will have a closer look at the definition of a peptide and outline some of the challenges of peptides as therapeutics, followed by a description of engineering approaches to improve downstream success in pharmaceutical development. When reading through these sections, one must keep in mind that the application of engineering approaches, or changes made to an endogenous sequence, can affect bioassay results and the risk of immunogenicity.
HOW DO WE DEFINE A PEPTIDE?
Peptides are short polymers of amino acids that are generally less than 50 units long with a molecular weight of less than 10 kDa (7, 8) . Peptides have unique therapeutic advantages compared to larger biologics including a higher activity per unit mass, better tissue penetration, decreased potential for immunogenicity, and lower manufacturing costs when comparing solid phase peptide chemistry to the traditional recombinant protein expression methodologies required for larger protein therapeutics. Unlike larger biologics, peptides can be structurally flexible molecules with conformations that are highly environment dependent, leading to a structural and biophysical uniqueness that is as diverse as their targets.
For example, sunflower trypsin inhibitor (SFTI-1) is a 14-amino acid cyclic peptide isolated from sunflower seeds and is a potent inhibitor of trypsin. The three-dimensional structure of SFTI-1 was solved in complex with bovine β-trypsin and shown to have a novel, head-to-tail, covalently closed, cyclic structure ( Fig. 1a) (9) . The cyclic structure and intrachain disulfide bond restrict conformational flexibility, while greatly increasing the overall stability through a reduction in entropy. The structure of this inhibitor highlights clear similarities within the trypsin-reactive loop region of the Bowman-Birk family of serine protease inhibitors, including the amino acid sequence, structural conformation, and mechanism of inhibition. However, SFTI-1 has a clear difference from homologues in its size and head-to-tail cyclic structure, thereby highlighting the diversity of scaffolds of functionally similar peptides.
An example of a peptide with a more canonical tertiary structure is the Stichodactyla helianthus (ShK) peptide toxin isolated from the venom of the sea anemone. This heavily disulfide bonded, 35-amino acid peptide is a potent inhibitor of voltage-gated potassium channels, with an IC50 in the low picomolar range for K v 1.3 (10) . While this small peptide has limited secondary structure, the overall fold is maintained by 3-disulfide bonds in a manner similar to other venom peptides (Fig. 1b) (11, 12) . ShK interacts with all four subunits of the channel tetramer completely occluding the channel pore underlying its highly specific interaction with its target (11, 13) . As a result, ShK is widely regarded as a therapeutic target for preferential suppression of effector memory (CCR7 − ) T cells that mediate autoimmune diseases such as type 1 diabetes mellitus, rheumatoid arthritis, psoriasis, and multiple sclerosis (13) .
Another example of peptide structural diversity is human urocortin-3 (Ucn-3), a 38-amino acid peptide predominantly comprised of alpha helical structure (Fig. 1c) . The overall backbone is a helix-loop-helix motif with an amphipathic C-terminal helix that interacts with the first extracellular domain of the corticotropin releasing factor (CRF) receptor mainly through hydrophobic interactions and with an N-terminal helix that, once oriented, enables CRF activation through a unique binding interaction with the receptor. It is also suggested that the kink between the helix domains could play a key role in the overall ligand-receptor interaction. Interestingly, the structure was solved in DMSO as the molecule is unstructured in aqueous solution suggesting an induced fit mechanism (14) .
WHY TURN TO PEPTIDES AS THERAPEUTICS?
As the biologics arm of a pharmaceutical company well versed in the discovery and development of antibody therapeutics, our initial approach against a soluble target such as a cytokine typically involves identification of a monoclonal antibody. Antigens for immunization or phage display are generally accessible and are also effective screening tools for affinity maturation. There are clear advantages to these large biologics such as high specificity and improved half-life through bypassing renal clearance or neonatal receptor-mediated recycling. For intracellular targets such as kinases, a small molecule approach is usually preferred, given the desirable cell and tissue-penetrating properties generally associated with small molecule therapeutics. Another potential benefit is the ability of certain peptides to cross the blood-brain barrier or intestinal epithelial cells for oral delivery which are particularly challenging for large biologics (15) (16) (17) . Receptors or receptor complexes can be approached with either class of molecules when the target epitope is accessible. Fig. 1 . Examples of diversity among peptide tertiary structure. a The head-to-tail bicyclic structure of the 14-amino acid (C α 's numbered from N-terminus to C-terminus) sunflower trypsin inhibitor (SFTI-1) is formed by a disulfide linkage between Cys3 and Cys11 (PDB 1SFI). b Three disulfide bonds stabilize the globular fold of the 35-amino acid peptide toxin, ShK, from the S. helianthus sea anemone (PDB 1ROO). c The 38-amino acid human urocortin-3 (Ucn-3) peptide is predominantly helical in DMSO solution (PDB 2RMH). Structures were rendered using PyMol, with carbon in green, nitrogen in blue, oxygen in red, and sulfur in yellow However, there are more challenging classes of targets such as ion channels and G-protein coupled receptors (GPCRs). These transmembrane proteins lack single, defined epitopes and are generally recalcitrant to antibody generation by conventional means. Truncated domains or designs based on predicted linear, peptidic epitopes rarely retain native structural characteristics of the target in a cellular context. In addition, monoclonal antibodies are bulky and such targets generally do not provide sufficient proteinprotein interaction surface area in the context of the whole cell. For small molecules, the lack of potency, poor selectivity, and off-target potential make these less viable approaches. In contrast, many cell surface receptors have peptidic hormones or cytokines as their endogenous ligands, underlying the potential for specific and potent targeting using a peptide-based platform. It is these types of targets that steer us towards developing peptide therapeutics as opposed to taking more typical monoclonal antibody or small molecule approaches.
CHALLENGES OF PEPTIDES AS THERAPEUTICS
Despite the potential for peptide therapeutics applied to otherwise difficult to target proteins, there are a number of considerations to make to ensure their success in a biological context. Even in the absence of structural or functional information, the primary sequence can provide early information on potential problems that can be encountered in pharmaceutical development. Posttranslational modification (PTM) risks can be gleaned from primary sequence motifs linked to the analysis of hydrolysis-sensitive peptide bonds, consensus sequences for asparagine deamidation, aspartate isomerization or N-linked glycosylation, or exposed methionine or tryptophan residues that could be susceptible to oxidation (Table I) . Such chemical liabilities can adversely affect solution properties and/or functional behavior. Furthermore, free cysteine residues or disulfide bonds could result in misfolding or mixed disulfide pairings and can also adversely affect function and structural integrity. Finally, the high propensity for proteolytic degradation can be due to inherent flexibility or merely being a substrate for endogenous proteases
IMPROVING CHEMICAL AND PHYSICAL STABILITY
Asparagine Deamidation/Aspartic Acid Isomerization. At physiological temperature and pH, deamidation and isomerization are among the most prevalent chemical reactions known to affect proteins. Formation of β-isoaspartate (isoAsp) as a result of deamidation of Asn or isomerization of Asp is a major source of instability in peptides especially at neutral to alkaline pH (18, 19) . Although these reactions can occur for both asparaginyl/aspartyl and glutaminyl/glutamyl residues, the rate of reaction is much more rapid with asparaginyl/aspartyl residues and is generally the focus of PTM risk mitigation. In an examination of the temperature and sequence dependence of the deamidation of a series of Asn containing hexapeptides under physiological conditions at pH 7.4, Asn-Gly and Asn-Ser sequences were particularly labile (20) (21) (22) . Not only can these modifications result in structural and functional changes, but it has also been suggested that the resulting L-isoaspartyl or Daspartyl residues are substrates for mammalian carboxyl methyltransferases, further exacerbating peptide clearance (23) . Cyclization of the amino terminal Gln residues to pyroglutamyl residues under mild acidic conditions is another frequent cause of peptide modification, something that is seen frequently in monoclonal antibodies (24, 25) .
As an example, amyloid formation underlines the adverse effects of deamidation that influence structure, stability, folding, and aggregation in peptides (26) . The authors found that the deamidation of amylin, a causative agent in type 2 diabetes, accelerates amyloid formation and is able to seed amyloid formation by unmodified amylin. It has also been shown that all three aspartic acid residues in the Aβ polypeptide of Alzheimer's disease patients isomerize to isoAsp where the non-canonical bonds of the peptide backbone cause structural disorder (26, 27) . In the context of therapeutics, if the primary sequence contains an Asn or Asp that has a potential PTM liability, the deamidation or isomerization propensity should be analyzed. However, it is critical to couple such results to a functional assay to determine how changes to the primary sequence, such as amino acid replacement or deletion, impact peptide function. If it is found that there are adverse effects on either the structure or function, these risks should instead be mitigated through library design using a systematic approach to address liabilities.
Methionine/Tryptophan Oxidation. Many diseases, as well as aging, have been linked to uncontrolled oxidative processes that lead to irreversible damage and ultimately death. Oxidative damage to proteins has been studied quite extensively, and although all amino acids can suffer some degree of oxidation under the right conditions, methionine and tryptophan are the most susceptible (28, 29) . The potential for methionine oxidation that leads to adverse changes in stability or function should be addressed as early as possible in a molecule's lifetime. Oxidation risk assessment of methionine to generate methionine sulfoxide in peptides and proteins has been reviewed (30) (31) (32) (33) (34) .
The best practice is to assess any potential liabilities experimentally. For example, the stability of ShK at different temperatures and pH values was investigated, and the analysis of by-products led to the design of additional stabilizing elements to address these liabilities (13) . Several changes were made including addressing a methionine oxidation liability at position 21. In addition to creating a potential source of heterogeneity and instability, methionine sulfoxide creates a dipole and a new chiral center at the oxidized sulfur atom. To eliminate this PTM risk, the authors created a stable analogue through the replacement of Met with the hydrophobic isostere, norleucine.
Tryptophan side chains also pose a potential site of posttranslational modification risk (35) . We have experienced first-hand many examples of binding and activity loss upon tryptophan oxidation in the context of monoclonal antibodies. As these residues are generally critical for binding or the formation of a stable hydrophobic core, positional changes can lead to loss of binding or function or both. Notwithstanding, positional changes are worth exploring when the residue is determined to be non-critical. However, if the residue cannot be changed without adverse effects on the molecule, the conversation changes to one of risk mitigation, and production and manufacturing schemes will have to be designed to minimize these potential liabilities.
Cysteine Oxidation. Another posttranslational modification liability often found in peptides is the proper formation of disulfide bonds. The potential for multiple disulfide bonded isomers increases considerably as the number of cystine Table I . Amino Acids at Risk for Posttranslational Modification a Only one of many possible oxidation products of tryptophan is shown b An analogous reaction can occur with asparagine leading to peptide bond hydrolysis through a succinimide intermediate bonds increase. For example, Pi4, a K + channel blocker, contains eight cysteine residues that form four disulfide bonds (36) . According to the equation for n = number of cysteine residues,
there are 105 possible combinations (P) of four disulfide bonds that can be formed (37) . In cases where there is only one combination that is native and active, production, either in a recombinant sense or by solid phase peptide synthesis, often results in a complex mixture of misfolded isomers that need to be separated from the native isomer of interest. Approaches to decrease the complexity by decreasing the number of potential disulfide bonded isomers include directed disulfide bond formation or the removal or replacement of cysteine pairs. In a solid phase peptide approach, orthogonal blocking groups can be employed to selectively form disulfide pairs in a stepwise fashion, thus ensuring formation of the correct pairs (38) . Disulfide bond replacement could be achieved by replacing the cysteine pairs with complimentary charged residues, creating a static pair, or with aliphatic pairs, creating hydrophobic interactions. One could also explore "stapling" techniques to replace the covalent disulfide bond with alternative covalent bonds thereby retaining the molecular stability of the molecule (39). Although disulfide bridges play an important role in stabilizing proteins, it has been shown that in some peptides with multiple disulfide bridges not all of them are necessarily crucial for maintaining structural and functional integrity (40) (41) (42) . From a manufacturing perspective, exploring the removal of disulfide bonds to reduce the complexity of the peptide can be initiated early in a molecule's lifetime using standard biophysical techniques, such as nuclear magnetic resonance in combination with a functional assay, to evaluate the impact of these changes. The utility of disulfide bond deletion was demonstrated with μ-conotoxin KIIIA, a disulfide-rich venom peptide isolated from Conus kinoshitai that blocks mammalian neuronal voltage-gated sodium channels and is a potent analgesic (43) . The authors systematically removed cysteine pairs, by making simple cysteine to alanine mutations, and screened for functional activity by testing the disulfide-deficient analogues against mammalian Na v 1.2 and Na v 1.4. It was shown that the removal of the Cys1-Cys9 disulfide bond (Fig. 2a) did not significantly alter the biological activity against either channel subtype, while removal of the Cys2-Cys15 disulfide bond resulted in a reduction in activity, and removal of the Cys4-Cys16 disulfide bond eliminated activity altogether. Amide proton chemical shift dispersion and solution structures were used to investigate the structural and functional impact of removing the Cys1-Cys9 disulfide bond in μ-conotoxin KIIIA (Fig. 2b) (44) . In spite of the apparent flexibility of the Nterminus imparted by the removal of the disulfide bond, there was a minimal change in activity against Na v 1.2 and only slight reduction in affinities for the Na v 1.4 and Na v 1.7 channel subtypes.
Mimicking disulfide bonds with other amino acid pairs, as opposed to the simple alanine replacement described above, is also an approach used to decrease the complexity of proteins while retaining structural integrity, function, and stability. As cystine is hydrophobic in nature, buried disulfide bonds within a peptide are prime candidates for disulfide bond replacement. This is generally accomplished with amino acids of similar size that are hydrophobic in nature to retain the hydrophobicity of the peptide core. Using a combinatorial approach, bovine pancreatic trypsin inhibitor, a 58-amino acid peptide with six disulfide bonds, was used as a model to develop a screen to identify stable disulfide bond replacement peptide mutants from a large number of sequences (45) . The screen involved the analysis of amino acid pairs substituted for the disulfide bond formed between residues Cys14 and Cys38. They found that although no pair of mutations fully compensated for the destabilizing effect of removing the disulfide bond, some of these mutants had midpoint temperatures of thermal unfolding that were 12-17°C higher than those with the simple substitution of cysteine for alanine at both positions. The most favorable mutations involved combinations of C14G and C38V. Thermodynamic analysis showed that the enthalpy of unfolding of the C14G and C38V mutant groups differed considerably, suggesting different stabilizing mechanisms for these two groups. Thus while proper disulfide bond formation is often difficult in large-scale production of proteins, this approach can be employed as a means to improve these processes without considerable impact to structural and functional integrity.
PROTEOLYTIC DEGRADATION AND HYDROLYSIS
Historically, peptides have been considered to be poor therapeutic candidates due to their low oral bioavailability and their propensity to be readily metabolized. Unmodified peptides generally undergo extensive hydrolysis and proteolytic degradation, resulting in short plasma half-lives thereby impacting their utility as therapeutic agents. Therefore, when first exploring a peptide as a potential therapeutic, it is prudent to have some idea of how the peptide is eliminated in vivo whenever possible so that chemical modifications can be made if the peptide is rapidly cleared or function is lost. Unusually rapid clearance would suggest degradation by chemical or enzymatic means, and this hydrolysis is a key hurdle to overcome when discovering peptide therapeutics. Microbial contamination of a highly purified peptide preparation can often lead to loss of biological activity by proteolysis, particularly during long-term storage. In addition, contaminating proteases can cleave peptides but can be mitigated with the use of metal chelators such as EGTA/ EDTA to inhibit the activity of metalloproteases: N-ethyl maleimide/iodoacetamide for sulfhydryl proteases and aprotonin/phenylmethanesulfonic acid/leupeptin for serine proteases. One must be careful that the chosen inhibitor does not interact adversely with the peptide therapeutic and is also amenable to human therapeutic formulations. In addition to enzymatic degradation, peptide bonds can also be cleaved spontaneously under physiological conditions when particularly labile sequence motifs are present. As with amino acid PTMs, these risks can potentially be removed through careful primary sequence analysis.
Amino Acid-Mediated Chemical Hydrolysis. Non-enzymatic degradation generally proceeds by the hydrolysis of peptide bonds between susceptible motifs within the peptide primary sequence. Work done on recombinant human macrophage colony-stimulating factor demonstrated that backbone degradation can occur under both acidic and alkaline conditions with distinctly different degradation product profiles (46) . Under alkaline conditions, degradation proceeded via parallel cleavage and intramolecular crosslinking reactions, and a β-elimination mechanism was proposed to account for the degradation at high pH.
Analogous to the deamidation reactions described above, succinimide formation at Asn residues can result in spontaneous cleavage of peptides. In this case, the side chain amide nitrogen attacks the peptide bond to form a C-terminal succinimide residue and a newly formed amino terminus (47, 48) . Furthermore, preferential hydrolysis of peptide bonds at Asp occurs at the C-terminal side in peptides under acidic conditions (Table I ). The carboxyl side chain of Asp initiates the cleavage by acting as a proton donor at pH values below the pKa of the carboxyl group (49) . Peptide bonds comprised of Asp-Pro and Asp-Gly were shown to be the most susceptible to peptide backbone hydrolysis under acidic conditions (46, (50) (51) (52) . The mechanism of this cleavage is thought to proceed via intramolecular catalysis by carboxylate anion-mediated displacement of the protonated secondary nitrogen of the proline peptide bond, which has a greater basicity and is therefore preferentially protonated relative to other peptide backbone nitrogen residues. When analyzing the primary sequence of a potential peptide therapeutic, Asp-Pro and Asp-Gly motifs may cause downstream developability issues if the final formulation tends to be one of lower pH.
Enzymatic Hydrolysis. Proteolytic degradation is a natural means of clearing endogenous peptides. Aminopeptidases, endopeptidases, and carboxypeptidases all contribute to the degradation and clearance of peptides in vivo. Potential liabilities based on protease recognition motifs within a peptide primary sequence allows one to take a simple replacement approach, using naturally or non-naturally occurring amino acids, to engineer a more protease resistant peptide sequence.
Octreotide, a synthetic octapeptide analogue of somatostatin, is one example of this approach (50) . First synthesized in 1979 by the chemist Wilfried Bauer, octreotide mimics the pharmacology of somatostatin but is a more potent inhibitor of growth hormone, insulin, and glucagon than native somatostatin. Experiments demonstrated that not only did this analogue have increased potency both in vitro and in vivo, but was also much longer lasting. Octreotide has a D-Phe residue at position 1 and a D-Trp residue at position 4 resulting in a molecule that has greater potency and a 50-fold increase in half-life as compared to the natural hormone (Fig. 3a) (51) . The latter effect was attributed to a reduction in proteolytic degradation resulting in an increased functional lifetime in vivo.
Liraglutide is a peptide that shares 97% sequence identity with native GLP-1 (7-37). GLP-1 (7-37) has a halflife of approximately 2 min due to proteolytic degradation by the ubiquitous endogenous enzymes neutral endopeptidase (NEP) and dipeptidyl peptidase IV (DPP-IV). An R34K mutation and the addition of a C16 fatty acid chain at position 26 resulted in a molecule that is stable to degradation by both enzymes with a 14-h half-life, as compared to 1.2 h for GLP-1 ( Fig. 3b) (53) .
When peptide degradation occurs through the action of aminopeptidases or carboxypeptidases, plasma stability can be increased by blocking N-or C-terminal ends by Nacylation, N-pyroglutamate, C-amidation, or by the addition of carbohydrate. These methods can not only mask unwanted charge when the potential therapeutic peptide is an extraction from a larger protein but also protect against degradative exopeptidases.
Tesamorelin is a growth hormone-releasing hormone analogue (GHRH) that was approved for the reduction of excessive abdominal fat in HIV-infected patients with lipodystrophy (54) . Initial studies supported the therapeutic potential for GHRH for treating visceral adiposity. However, the pharmacokinetic properties of GHRH did not warrant further development, partly due to its DPP-IV-mediated rapid clearance. Synthetic analogues of GHRH were explored to address this, leading to the development of TH9507 (tesamorelin) where the addition of a hexenoyl moiety attached to the amino terminus resulted in a molecule found to be resistant to DPP-IV cleavage (55) .
As removing disulfide bonds from a peptide reduces the complexity of a peptide, from a production point of view, the incorporation of disulfide bonds, or disulfide bond "surrogates," can increase the stability of the peptide, reduce conformational heterogeneity, and reduce susceptibility to proteolytic degradation of peptide therapeutics. Several examples exist where disulfide bonded peptides have increased stability to proteolysis and are stable enough for oral delivery including linaclotide, cyclosporine, and desmopressin (56) (57) (58) .
Recent advances in organometallic catalyst design have opened the door for the use of hydrocarbon bridges to either cross-link side chains of specific residues or mimic intramolecular hydrogen bonds or disulfide bonds with carbon-carbon bonds. This approach uses the olefin metathesis reaction to create hydrocarbon stapled or hydrogen bond surrogate molecules that have increased resistance to proteolytic degradation since proteases generally bind their substrates in their extended, or relaxed, conformation (53, 59) .
Finally, molecule conjugation has proven to be a means that not only extends the half-life of a peptide but can also protect a peptide from proteolytic degradation. Polyethylene glycol (PEG) polymers have become widely used to improve the pharmacokinetics of therapeutic peptides by improving half-life and reducing the susceptibility to proteolytic degradation resulting in many commercial therapeutic peptide products (60) (61) (62) . However, there are concerns about the toxicological effects (i.e., renal toxicity), the metabolic fate of the PEG moiety and immunogenicity (63, 64) . The latter having the opposite intended effect in that induced anti-PEG antibodies have been linked to enhanced blood clearance and reduced efficacy of the therapeutic. Fusions to the Fc domain of human gamma immunoglobulin (IgG) are another approach to increasing half-life that may also provide the advantage of protease protection. In fact, the proteolytic inactivation of GLP-1 by DPP-IV is reduced up to fivefold in a GLP-1/Fc fusion format (65) . XTEN is another recombinant fusion partner that has been shown to increase the circulating half-life of GLP-2 while also providing protection from proteolytic degradation by DPP-IV (66) . This is a new method of half-life extension with several important advantages over PEGylation including better biodegradability and lower immunogenicity (67) .
MANUFACTURING PROCESSES
The size and nature of the therapeutic peptide often determines the most suitable manufacturing technology. Although there are many technologies to choose from, this review will touch on three main technologies: chemical synthesis, recombinant expression systems, and cell-free expression systems. With each technology comes certain advantages, as well as disadvantages.
Chemical Peptide Synthesis. Hundreds of synthetic therapeutic peptides are in clinical development today, and this method is especially suited for peptides up to 100 amino acids and less so for peptide fusions. There are even more examples of chemically synthesized peptides in advanced stages of preclinical development in numerous pharmaceutical companies.
Chemical synthesis affords the use of unnatural and D-amino acids and pseudo-peptide bonds, providing a much broader chemical diversity than peptides derived from recombinant expression technologies, as well as the potential for unique intellectual space. Substitution of natural amino acids using this approach can also greatly reduce the potential for proteolytic cleavage resulting in greater plasma stability (3). Also, positional scanning synthetic combinatorial libraries (PS-SCL) represent a clear advance in the drug discovery process by allowing all possible combinations of building blocks to be incorporated at defined positions (individual SCLs) within the peptide backbone during synthesis, greatly reducing the time between library generation and lead candidate selection.
Peptide synthesis has come a long way from the early synthesis work of du Vigneaud (54) . Today, techniques have been developed for more facile chemistry addressing coupling efficiencies, incorporation of non-native or D-amino acids, side chain protecting groups to add synthetic versatility and orthogonal blocking groups to aid in disulfide bond formation. This access to diverse chemical space coupled with the advent of automated peptide synthesizers allows peptide drug discovery to move at a much more accelerated rate than in the past. However, as peptide synthesis is a multistep process, the overall peptide yield is greatly impacted by coupling efficiencies. As the length of the peptide increases, poor coupling efficiencies have greater impact on the final yield of the pure peptide.
Recombinant Expression. When directed disulfide bond formation, non-native or D-amino acids, or specific termini blocking strategies are not required, a recombinant method can be the best manufacturing choice especially when the attachment of a fusion partner can be added directly to the N-or Ctermini (HSA, Fc, XTEN, etc.). Production systems include transgenic plants and animals, bacteria, yeast, insect cells, and mammalian cells. The complexity, or lack thereof, of the peptide therapeutic drives the choice of production systems. There are already a number of peptide therapeutics manufactured by recombinant technologies commercially available including nesiritide, teriparatide, and salmon calcitonin (3).
Cell-Free Systems. Cell-free (or in vitro) translation technologies provide unique advantages over traditional cell-based methods for biotherapeutic discovery (68). These Carbon is colored pink, nitrogen in blue, oxygen in red, sulfur in yellow, and the C α hydrogens of the Damino acids are in white. b Liraglutide contains a C16 fatty acid chain added to Lys26, providing a physical barrier to enzymatic degradation. Additionally, a Lys34Arg mutation removes a protease recognition site (PDB 4APD). Amino acid carbons are colored teal and the C16 fatty acid carbons are colored yellow. Nitrogen is colored in blue and oxygen is red systems comprise all of the necessary components for protein translation and are typically derived from cell extracts of Escherichia coli S30, rabbit reticulocytes, or wheat germ, although Leischmanii, Thermus, and even human cell-free systems have recently been described. Without the limitations of cell walls or membranes, precise modulation of protein expression may be achieved by addition of exogenous factors, such as chaperones, isomerases, or posttranslationalmodifying enzymes, to manipulate translation and folding. Furthermore, these systems eliminate cell viability constraints and allow more efficient use of reactor volume (69) . Of particular note, the Protein synthesis Using Recombinant Elements (PURE) system, which is a reconstituted system of highly purified components, provides exquisite control for adding or subtracting components tailored specifically to production of the protein or peptide of interest. The PURE system has additionally enabled reprogramming of the genetic code by reassigning stop codons, four-base codons, or sense codons to direct the incorporation of non-canonical amino acids, which can impart drug-like properties and avoid the aforementioned PTM risks (70) .
Until recently, cell-free systems have generally been used in small-scale peptide and protein preparations, with scale-up resulting in batch-to-batch variability and improperly folded protein. However, recent improvements have demonstrated this system to be linearly scalable under cGMP manufacturing processes, highlighting its potential to be an enabling technology at the industrial scale. For example, using batch processes in standard bioreactors, a biologically active and correctly disulfide-bonded human cytokine, granulocytemacrophage colony-stimulating factor (GM-CSF), a 127 amino acid protein, was produced from a 100-L batch at titers of 700 mg/L in 10 h (71). Although there are currently only limited examples of biotherapeutic peptides produced using scaled-up cell-free methods, this versatile technology provides an interesting alternative when peptide generation is inaccessible by more traditional methods.
CONCLUSIONS
Peptides have unique niches for targeting proteins that have a paucity of small molecule and large molecule biologics therapeutics. Despite lacking a definitive tertiary structure and being conformationally diverse in solution, peptides have the potential of adapting to the relevant conformations required to generate a desired pharmacological response. However, a challenge for peptide therapeutics can be the assessment of manufacturing, stability, and safety. Developability assessment can be used to identify the risks that can be incorporated into the assignment of critical quality attributes early into the design of peptide therapeutics. Because of the absence of a definitive structure, such risks are often linked to the chemical composition of peptides whether they are derived recombinantly or via chemical synthesis. In both cases, most of the risks come from the non-enzymatic modification of the amino acids in the peptides. After lead selection, the candidates should be assessed for potential modifications in labile amino acids (Asp, Asn, Cys, Met, Trp). During candidate optimization, confirmation of the primary sequence is critical in establishing structure-function relationships for the scale-up process. Any engineering should be seen as an iterative process where in vitro and/or in vivo data not only drives an engineering path but also confirms that biological activity and stability are retained in conjunction with other engineered attributes. When liabilities cannot be engineered out, understanding the stability of these labile residues is critical for systematic development of the scale-up processes for peptide therapeutics. Nonetheless, there are still several hurdles to overcome: development of low-cost synthesis and purification; modifications that enhance pharmacokinetics and stability when introduced into the patient; control of metabolism and excretion to optimize the appropriate half-life to achieve therapeutic efficacy; and formulation to optimize their delivery and transport. Continual development on these points will foster better opportunities in expanding the potential of peptide therapeutics.
